Introduction
Proteases are ubiquitous and >400,000 putative sequences are found in databases. In contrast, ligases which are peptide-forming enzymes catalyzing the reverse reaction are rare. Thus far only four are identified. Recently, we reported the discovery of butelase 1, a versatile and multi-purpose ligase which is specific for the C-terminal Asn/Asp (Asx) ligation.
Butelase 1, isolated from Clitoria Ternatea of the legume family, requires an Asn/Asp (Asx) residue as the recognition site and a sorting signal such as a tripeptide motif Asx-HisVal at the C-terminus of a peptide or protein substrate with HisVal dipeptide as a leaving group (Figure 1 ) [1] . Butelase 1 accepts most amino acids as a nucleophile to form an Asx-Xaa bond without a trace of the sorting signal. Among the known ligases including sortase A, PATG and PCYC1, butelase 1 is the fastest ligase with catalytic efficiencies as high as 1,300,000 M -1 s -1 . These favorable properties bode well for applications of butelase 1 for ligation, macrocyclization and labeling of peptides, proteins and live cells. Here, we present our recent work of butelase 1 in peptide macrocyclization using sunflower trypsin inhibitor and histatin as examples. 
Results and Discussion
Sunflower Trypsin Inhibitor and its analog SFTI-1 is a naturally occurring cyclic peptide from sunflower seeds (Helianthus annuus). It consists of 14 amino acids, stabilized by one disulfide bond and is one of the most potent known inhibitor of trypsin [2] . Figure 2 shows that butelase 1 efficiently cyclized SFTI-1 in >95% yield with kinetic parameters of 0.6 s -1 for kcat, 51 M for Km and an overall catalytic efficiency of 11,700 M -1 s -1 . To improve the cyclization efficiency, we synthesized an analog of SFTI-1 with Ile at the P2" position instead of Arg because most native substrates of butelase 1 have a hydrophobic amino acid (Ile/Leu/Val) at this position. The kcat, Km, and catalytic efficiency for SFTI analog were found to be 3.80 s -1 , 33 µM, and 115,000 M -1 s -1
, respectively. The catalytic efficiency of SFTI analog is approximately 10 times faster than the SFTI-1 (Table 1) , confirming the preference for a hydrophobic amino acid of butelase 1 at the P2" position. 
Cyclization of Histatin 1
Histatin is a naturally occurring peptide antimicrobial found in human saliva. Cyclization of histatin has been shown to improve the activity by a 1000 fold [3] . Figure 2 shows the cyclization of histatin-1 was highly efficient with >95% yield in 15 min in the presence of 0.002 molar equivalent of butelase 1. For comparison, histatin cyclization by sortase A required 0.33 molar equivalent and 24 h incubation time to reach 90% yield. Butelase 1 thus cyclizes the histatin peptide 10,000 times faster than sortase A. 
Conclusion
Currently, there are two orthogonal ligation approaches without the use of a protection group scheme. The first is the N-terminal-specific ligation using a bifunctional N-terminal amino acid such as Cys, Ser or Thr [4, 5] . This popular approach is well developed in the past two decades and can be performed either chemically or by an intein [6] . The second approach is the C-terminal-specific ligation. It requires the use of an enzyme, a ligase, to recognize a specific amino acid at or near the C-terminus [7] . This approach is highly underdeveloped because naturally occurring ligases are rare and our discovery of butelase 1 as an Asx-specific ligase provides a promising tool to fill this void. An advantage of butelase is its fast kinetic. It generally completes the cyclization (8 to 300+ aa) within minutes. This characteristic of fast kinetics is important not only because of high yield but also because it minimizes the reverse reaction of random cleavage of Asx residues of the products.
